Prevailing theories suggest that luminal cells are the origin of prostate cancer because it is histologically defined by basal cell loss and malignant luminal cell expansion. We introduced a series of genetic alterations into prospectively identified populations of murine basal/stem and luminal cells in an in vivo prostate regeneration assay. Stromal induction of FGF signaling, increased expression of the ETS family transcription factor ERG1, and constitutive activation of PI3K signaling were evaluated. Combination of activated PI3K signaling and heightened androgen receptor signaling, which is associated with disease progression to androgen independence, was also performed. Even though luminal cells fail to respond, basal/stem cells demonstrate efficient capacity for cancer initiation and can produce luminal-like disease characteristic of human prostate cancer in multiple models. This finding provides evidence in support of basal epithelial stem cells as one target cell for prostate cancer initiation and demonstrates the propensity of primitive cells for tumorigenesis.
Prevailing theories suggest that luminal cells are the origin of prostate cancer because it is histologically defined by basal cell loss and malignant luminal cell expansion. We introduced a series of genetic alterations into prospectively identified populations of murine basal/stem and luminal cells in an in vivo prostate regeneration assay. Stromal induction of FGF signaling, increased expression of the ETS family transcription factor ERG1, and constitutive activation of PI3K signaling were evaluated. Combination of activated PI3K signaling and heightened androgen receptor signaling, which is associated with disease progression to androgen independence, was also performed. Even though luminal cells fail to respond, basal/stem cells demonstrate efficient capacity for cancer initiation and can produce luminal-like disease characteristic of human prostate cancer in multiple models. This finding provides evidence in support of basal epithelial stem cells as one target cell for prostate cancer initiation and demonstrates the propensity of primitive cells for tumorigenesis.
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A lthough prostate cancer is the most common malignancy diagnosed in males in the Western world, the cell of origin of the disease remains unclear (1) . Several approaches have been used to identify the cell of origin of different cancers. One approach involves the creation of mouse models in which oncogenic lesions are introduced in alternative cell types of a tissue using celltype specific promoters. Clevers and colleagues (2) recently used this technique to demonstrate that deletion of adenomatous polyposis coli in crypt stem cells results in rapid formation of intestinal adenomas, while deletion in transit-amplifying cells results in transient disease that does not progress. An alternative approach uses in vivo transplantation models to investigate the tumorigenic potential of prospectively identified populations of cells following ex vivo genetic modification. Huntly et al. (3) used this approach to demonstrate that BCR-ABL can induce myeloid disease in mice when introduced into HSC but not more committed progenitors, while other fusion oncogenes can initiate disease from both stem cells and progenitors (4, 5) .
The prostate is comprised of several types of epithelial cells that may serve as targets for cancer initiation, including basal, luminal, and neuroendocrine cells. Prostate stem cells are thought to reside in the basal cell layer of the ducts, and in the mouse they predominate in the region of the gland that is proximal to the urethra (6, 7) . Clinical observations that the majority of human prostate cancer cells express luminal cell markers have led many to propose that these cells are the source of prostate cancer initiation (8) . The neoplasms that develop in the Rb
−/− knockout mouse model express the stem cell marker Sca-1 and arise in the proximal region of the gland (9) . In a PTEN null mouse model there is a preferential expansion of basal cells compared to luminal cells, suggesting disease in these mice is propagated by basal cells (10) . Several recent reports have also shown that progenitor cells with luminal characteristics can initiate prostate cancer following PTEN deletion. Korsten et al. (11) demonstrated that PSA-driven PTEN deletion specifically in luminal cells results in prostatic hyperplasia, and suggest luminal-specific progenitors as the candidate cell of origin in this model. Shen and colleagues (12) found that a bipotent, selfrenewing population of castration-resistant NKX3.1-expressing cells (CARNs) can produce high-grade PIN/carcinoma lesions following inducible deletion of PTEN. It is not clear in these studies whether these populations represent the only cells capable of cancer initiation.
We have developed an approach analogous to those used for the study of the hematologic malignancies to study prostate cancer initiation. The tumorigenic potential of different prostate cell subpopulations was assessed using an in vivo transplantation assay that utilizes fetal urogenital sinus mesenchymal (UGSM) cells to induce the growth of dissociated adult prostate cells (13) . Using FACS to prospectively identify prostate cell subpopulations with the distinct properties of basal/stem cells, luminal cells, and stromal cells, we find that basal/stem cells are more efficient targets for transformation than luminal cells following the introduction of multiple alternative oncogenic stimuli.
Results
Prospective Identification of Prostate Basal/Stem, Luminal, and Stromal Cells by Sca-1 and CD49f Expression. Enrichment for murine prostate epithelial stem cells can be achieved using FACS to sort cells with a Lin(CD45/CD31/Ter119) − Sca-1 + CD49f + cellsurface profile (14) . Further scrutiny of Sca-1 and CD49f expression on prostate cells revealed three discrete populations (Fig. 1A) . Quantitative PCR (qPCR) analysis of the lineage status of each population demonstrates that Lin − Sca-1 + CD49f hi cells express low levels of the luminal cell markers cytokeratin (CK) 8, CK18, and NKX3.1 ( Fig. 1B and Fig S1A) . These cells express high levels of CK5, CK14, and p63, and possess a basal-like phenotype (15) . Lin 
CD49f
− cells express high levels of the stromal cell marker Vimentin (VIM), but not the epithelial markers. Immunocytochemical (ICC) analysis demonstrates that the protein expression of these lineage markers corresponds with mRNA expression (Fig. S2A) .
The properties of each population were investigated using previously defined functional assays (13, 14 (Fig. S1C Bottom) (14) .
The regenerative potential of these populations was evaluated using the in vivo prostate regeneration assay. Fig. 1C shows that ductal structures were only observed in grafts generated from Lin
hi cells. Analysis of grafts harvested after short incubation periods (1-3 weeks), however, revealed that transplanted cells could also be identified in the other grafts by flow cytometry, suggesting these cells remain viable in vivo (Fig. S3 A-C). Immunohistochemical (IHC) analysis showed that grafts regenerated from Lin Androgen receptor (AR) signaling plays an important role in both prostate development and tumorigenesis. Most studies in the human report AR expression is restricted to the luminal cell layer; several studies in the mouse report widespread expression in both basal and luminal cells (16) (17) (18) . qPCR and Western blot analyses demonstrate that both mRNA and protein for AR can be identified at high levels in basal/stem, luminal, and stromal cell fractions ( Fig. S1 A and B) . ICC analysis shows clear nuclear expression of AR in cytospins of basal/stem and luminal cells (Fig. S2B) . AR is expressed in the nucleus and cytoplasm of stromal cells. We questioned whether AR-mediated transcription was active in each cell type by examining expression of known androgen regulated genes. Cells from each population were sorted from ARR2 Pb-Lux transgenic mice expressing luciferase under regulation of the androgen-regulated probasin promoter (19) . Despite the roughly equal expression of AR in basal/stem and luminal cell fractions by qPCR and Western blot, luciferase activity was approximately 7-fold lower in basal/stem cells compared to luminal cells (Fig. S1B ). qPCR analysis for several known androgen regulated genes also showed these genes were expressed at higher levels in luminal cells (Fig. S1B ). This suggests that even though AR is expressed in both epithelial cell types, other factors may regulate AR-mediated transcription in basal/stem cells.
Basal/Stem Cells Produce Multifocal Glandular Carcinoma in Response
to Paracrine Stimulation of FGF Signaling. Incubation of naïve adult prostate cells with FGF10-expressing UGSM cells results in the regeneration of a multifocal disease that histologically is similar to human prostate cancer (20) . Fig. 2A shows that grafts are characterized by the extensive proliferation of small, single-layered compact glands ranging in pathological appearance and Gleason score. IHC analysis shows that the majority of small cancerous glands are comprised of CK8+ luminal-type cells and lack CK5+ basal cells (Fig. 2B ). This is striking because human prostate cancer is defined by expansion of malignant luminal cells and loss of basal cells. The tumor cells in the grafts are positive for AR, although p63 expression is abundant, which is not frequently observed in the human disease.
No clear mechanism for the development of the small glandular structures observed in human prostate cancer is known. Previous studies have shown that FGFs induce branching in many epithelial organs (21) . FGF10 knockout mice fail to produce several branched organs, including the prostate (22) . We tested if the phenotype observed in the FGF10 model is a manifestation of excess branching of the epithelium. Prostate cells from β-actin dsRED and β-actin GFP transgenic mice were sorted by FACS using single-cell gating. Red and green cells were mixed together in combination with control or FGF10-UGSM and implanted in the regeneration assay. Fig. S4A shows that regenerated grafts contain many GFP+ and dsRED+ ducts, indicating that the multifocal disease induced by FGF10 is polyclonal like human prostate cancer. Low-power analysis using a dissecting microscope shows that ducts in FGF10 grafts exhibit dramatic branching architecture and contain an abundance of small acini compared to control grafts (Fig. S4A Right) . As suspected, these acini appear in histological sections as numerous small glandular structures (Fig. S4B) . Fluorescence microscopy analysis of tissue sections shows that regions of different pathological grade in FGF10 grafts represent the outgrowth of different clones, as they tend to segregate with color marker expression (Fig. S4B) .
To determine whether FGF10-induced disease can originate from basal/stem cells, luminal cells, or both, equal numbers of dsRED cells from each population were mixed with control or FGF10-UGSM and implanted in vivo. qPCR analysis shows that both basal/stem and luminal cells express the receptors for FGF10 (Fig. S4C ). Fig. 2C shows that dsRED signal was observed in grafts generated from basal/stem but not luminal or stromal cells. Cancerous glands regenerated from basal/stem cells possess a similar range of pathological phenotypes as observed from unfractionated prostate cells (Fig. 2D) . Oncogenic stimulation of basal/stem cells produces a luminal-dominant disease. (24) (25) (26) . We increased ERG expression in basal/stem, luminal, and stromal cell fractions following ex vivo lentiviral-mediated gene transfer. To test whether each population was competent for lentiviral infection, cells were sorted from dsRED mice, transduced with lentivirus carrying a GFP construct via spinduction, and implanted in the prostate regeneration assay. FACS analysis of grafts harvested 1 week later shows the presence of GFP+ dsRED+ cells in each graft (Fig. S5) .
Sorted prostate basal/stem, luminal, and stromal cells were transduced with lentivirus carrying hERG1 and RFP. Cells were also infected with virus carrying only RFP as control. Equal numbers of transduced cells from each population were implanted in the regeneration assay and harvested 8 weeks later. Fig. 3A shows that RFP signal was only observed in grafts from basal/stem cells. Low magnification images of tissue sections from each graft show the presence of ductal structures in basal/ stem cell grafts; no growth of transformed cells was observed in luminal or stromal cell grafts (Fig. 3A) .
Histological analysis of basal/stem cell grafts demonstrates that ERG+RFP+ ducts exhibit focal dysplasia and PIN lesions (Fig. 3B Right, arrows) . As reported in transgenic models, these ducts display epithelial cell stratification and loss of cell polarity, with nuclear pleomorphism and atypia (Fig. 3C) (24, 25) . The epithelial cells also exhibit a signet ring cell like appearance, similar to the pathology observed in human prostate cancer samples harboring the TMPRSS2-ERG gene fusion (27) . Adjacent ERG-RFP-ducts in these grafts (Fig. 3B Right, arrowheads) display normal ductal architecture and cytologic features.
IHC analysis shows that ERG+RFP+ ducts express high levels of hERG1 and AR, and p63+ cells can be identified along the basement membrane (Fig. 3D) . As reported in transgenic models, there is an expansion of CK8+ luminal cells and concomitant loss of CK5 expression in these glands.
Basal/Stem Cells Regenerate Epithelial Hyperplasia and PIN Lesions in
Response to Activated AKT Signaling. Mutations and deletions in PTEN are present in up to 30% of primary and 63% of metastatic prostate tumors, making them one of the most common classes of genetic alterations observed in prostate cancer (28, 29) . Mice with prostate-specific expression of an activated form of the downstream intermediate AKT1 develop PIN lesions (30) , and lentiviral-mediated introduction of activated AKT1 into naïve prostate epithelial cells results in PIN lesions in the prostate regeneration assay (31) . Equal numbers of basal/stem, luminal, and stromal cell fractions were transduced with lentivirus carrying a construct containing myristoylated AKT1 and RFP or RFP only for control. Fig. 4A shows that only grafts regenerated from basal/stem cells transduced with AKT-RFP display RFP signal. Low-power images of tissue sections from (Fig. 4A) , while luminal and stromal grafts lacked growth of transformed cells (Fig. 4A) .
PIN lesions in AKT+RFP+ ducts are characterized by epithelial cell stratification and nuclear atypia (Fig. 4B) . IHC analysis shows that, in contrast to FGF10 and ERG1 models, expansion of both CK5+ and CK8+ cells is present (Fig. 4C) . p63+ cells can also be found around the periphery of the ducts (Fig. 4C ). These data demonstrate that basal/stem cells represent a more efficient target for AKT-mediated transformation than luminal cells. This is also consistent with our findings using the prostate specific PTEN null model that only Lin − Sca-1 + CD49f hi basal/stem cells from these mice form PIN lesions when implanted in the regeneration assay (32) .
AKT and AR Synergize to Promote Progression to Poorly Differentiated
Prostate Carcinoma from Basal/Stem Cells. Many mechanisms for ligand-independent activation of AR signaling have been suggested (33) , including phosphorylation by AKT (34) . Analysis of the AKT and AR genes in the prostate regeneration assay has shown that activated AKT synergizes with increased AR expression to promote prostate cancer progression and androgen-independent disease (35) .
To investigate the response of basal/stem and luminal cell fractions to combined activation of AKT and AR signaling, each population was transduced with RFP, AKT1, AR, or both AKT1 and AR lentiviruses, and implanted in the regeneration assay. Fig. 5A shows that large tumors were generated from basal/stem cells tranduced with AKT1 and AR. Interestingly, even potent stimulation with these two oncogenes did not result in growth or transformation of luminal cells (Fig. 5A) .
Histological analysis of grafts from basal/stem cells infected with AKT1 virus displayed PIN lesions as expected (Fig. 5B) . Basal/stem cells infected with AR virus regenerated small ductal structures that occasionally contained low grade PIN lesions. AKT+AR basal/stem cell grafts displayed a high grade, poorly differentiated carcinoma with focal spindle-cell morphology. Areas typical for carcinoma contained polygonal-shaped tumor cells that form sheets with tight cell junctions (Fig. 5C-1) . In some grafts, invasion into the mouse renal parenchyma can also be observed (Fig. 5C-2) .
IHC analysis shows variable expression of epithelial and stromal markers. Some regions of cells express CK5 and CK8 ( Fig. 5D  Middle) ; others express VIM and not the epithelial markers (Fig.  5D Lower) . This finding suggests AKT and AR activation may induce basal/stem cells to progress to a mesenchymal phenotype. These data demonstrate that basal/stem cells can produce advanced disease in response to increased AKT and AR activation.
Discussion
The finding that basal/stem cells respond more efficiently to tumorigenic signals has clinical relevance. Metastatic prostate cancer is often treated with hormonal therapy that targets AR signaling. This treatment initially achieves dramatic therapeutic responses because mature prostate cells are dependent on androgen for viability, but it eventually fails in nearly all patients. If prostate cancer initiates from basal/stem cells in which AR signaling is inactive, hormonal therapy may only interfere with a much later step in tumor progression. The more primitive tumorinitiating cells survive hormonal therapy and eventually give rise to progeny that have developed a mechanism to escape hormonal therapy. More effective therapies may be those that target the more primitive tumor-initiating cells directly, such as the transformed basal/stem cells.
Although the populations identified in this study have clear properties of basal/stem, luminal, and stromal cells, there most likely still exist significant heterogeneity within each fraction. There is evidence for the existence of intermediate transitamplifying cells, as well as several types of luminal-like progenitor cells in the prostate (36, 37) . Luminal-like progenitors, such as CARNs, have been shown to be capable of producing cancerous lesions in response to PTEN deletion during prostate regeneration. It is unclear what the function of these cells is in the normal prostate in steady-state conditions, or where these cells reside in the fractions identified in this study. It would be very interesting in future studies to identify markers to prospectively identify and sort CARNs so their tumorigenic efficiency in response to multiple oncogenic stimuli can be directly compared to the populations identified in this study.
It was not clear in these experiments whether basal/stem cells undergo normal development and branching morphogenesis before the onset of the PIN or carcinoma. Many luminal cells die following transplantation, and those that survive do not appear to divide or form ductal structures in this assay. It is important to note that this is may compromise their capacity to respond to oncogenic insults. Although we investigated the consequences of several common oncogenic signals, there may be some combination of oncogenic events that can induce disease in a mouse luminal cell that we did not identify in this study. All animal experiments and surgical procedures were performed under Division of Laboratory Animal Medicine regulations of the University of California, Los Angeles. Prostate cells were dissociated by mincing and collagenase digestion as previously described (38) . UGSM was harvested from embryonic day 16 fetuses as previously described (13) . Lentiviral Vectors, Virus Preparation, and Transduction. The FU-CGW, FU-CRW, FU-mAKT1-CGW, FU-AR-CGW, andFU-ERG1-CRW lentiviral vectors, and the MSCV-FGF10 retroviral vector have been described previously (13, 26, 35) . Lentivirus preparation, titering, and infection of dissociated prostate cells were performed as previously reported (20) .
Quantitative Reverse Transcription-PCR. Total RNA, reverse transcription, and quantitative reverse transcription-PCR were performed as previously described using an ABI 7700 instrument. Primer sequences used are listed in Table S1 . Primers for AR, calreticulin, FKHBP51, TMEFF2, and aquaporin 5 were purchased from Superarray. Relative quantification of gene expression was calculated according the Pfaffl method. Standard curves and melting curves using cDNA from unfractionated murine prostate were performed to validate the use of each primer pair. Target gene expression in each sorted prostate cell subpopulations was normalized to the amount of actin they contained. For qPCR analysis of prostate cell fractions, prostates from 6 to 10 mice were digested as described and sorted by FACS using single-cell gating. The data reported represents the averaged results from three independent sorting experiments.
Histology, IHC, and ICC. Histological and IHC analyses were performed as described previously (13) . For preparation of cytospins, prostates from six mice were digested and sorted by FACS into basal/stem, luminal, and stromal cell fractions. Cytopspins were fixed with cold acetone (4°C) for 2 min and washed with 1 × PBS.
Sections and cytospins were stained with H&E or the antibodies listed in Table S2 . For fluorescence visualization of cytokeratin 5 and 8, sections were stained with directly labeled secondary antibodies. Visualization of p63 and AR was performed using biotinylated secondary antibodies and fluorescently labeled streptavidin.
FACS and Flow Cytometry. Prostate cells were suspended in DMEM 10% FBS and stained with antibody for 20 min at 4°C. Antibodies and dilutions that were used are listed in Table S2 . FACS analysis was performed using the BD FACS Canto and FACSDiva software. Cell sorting was done using the BD FACS Aria (BD Biosciences).
In Vitro Assays. Colony and sphere assays were performed using previously published protocols. Colony sizing was done using Image Pro-6.2 software to draw regions of interest around the perimeter of colonies for calculation of the surface area of each colony.
In Vivo Prostate Regeneration Assay. The prostate regeneration assay was performed as previously described (13) . For oncogene experiments, prostates from 6 to 10 mice were digested and sorted by FACS into each fraction. Equal numbers of cells from each fraction ranging from 25,000 to 100,000 cells were mixed with 1 to 5 × 10 5 UGSM cells, and resuspended in rat tail collagen (Becton Dickinson). Approximately two to five replicates of each sample condition were performed in each experiment. Each type of experiment was repeated at least three times, and the data shown represent grafts harvested from one representative experiment.
Luciferase Enzyme Assay. Cell lysates were prepared from each fraction using a cell lysis buffer (Promega). In vitro luciferase activity (relative light units) was assessed following the addition of the D-luciferin substrate using an LMax II 384 luminometer (Molecular Devices).
